ABSTRACT: The development of arrays that can profile molecular activities in cells is important to understanding signaling pathways in normal and pathological settings. While oligonucleotide arrays are now routinely used to profile global gene expression, there is still a lack of tools for profiling enzyme activities in cell lysates. This paper describes the combination of peptide arrays formed on self-assembled monolayers and mass spectrometry to provide a label-free approach for identifying patterns of enzyme activities in cell lysates. The approach is demonstrated by profiling lysine deacetylase (KDAC) activities in cell lysates of the CHRF megakaryocytic (Mk) cell line. Classspecific deacetylase inhibitors were used to show that terminal Mk differentiation of CHRF cells is marked by a pronounced decrease in sirtuin activity and by little change in activity of KDACs 1-11. This work establishes a platform that can be used to identify changes in global activity profiles of cell lysates for a wide variety of enzymatic activities.
D
ifferent cell types, including differentiated states or pathological phenotypes, are characterized by unique patterns of gene expression and protein activities. While it is now routine to profile the former, there is still a lack of tools to profile large numbers of enzyme activities in cell lysates or other complex samples. Such tools are needed because changes in enzyme activities are often regulated at a post-transcriptional level and because they can provide a more direct understanding of the pathways that operate in cells. Endogenous activities in lysates are routinely assayed using fluorogenic reagents; however, the labels can alter the activity, 1 and the assays are difficult to scale to the parallel analysis of hundreds or thousands of activities. Peptide arrays offer opportunities to profile activities more broadly, and important early work has focused on understanding substrate specificities of enzymes but to a lesser extent for profiling lysates for activities of a protein family.
2 This paper describes a method to use peptide arrays and label-free analysis to profile lysine deacetylase enzyme activities in lysates at different stages of cell differentiation.
The acetylation of lysine side chains is now recognized to be a widespread post-translational modification that regulates protein function in a variety of signaling contexts.
3 Protein acetylation is regulated by twenty lysine acetyl transferase enzymes that use acetyl-CoA as a cofactor to install the acetyl group and by seventeen lysine deacetylases (KDACs) that remove this modification. The KDACs include six NAD + -dependent sirtuins (SIRTs) and eleven divalent ion-dependent deacetylases (KDACs 1-11). How the specificities of these thirty-seven enzymes are coordinated to allow regulation of the acetylation states of thousands of protein substrates is a complex question and remains largely unexplored. The enzymes are most commonly assayed using a fluorescent "Fluor de Lys" (FdL) assay wherein peptide substrates are conjugated to a coumarin group, such that deacetylation of the peptide is then followed by proteolysis with release and detection of the coumarin group. The FdL reagents, however, are limited in their ability to resolve activities of the individual deacetylases and are known to report activities that are artifacts of using the fluorescently labeled reagents. 1 The current work uses a label-free assay that overcomes these limitations (Figure 1) . The "SAMDI" assay employs peptide substrates containing an acetylated lysine residue and also a terminal cysteine residue. 4 The peptide is added to a cell lysate, where it can be deacetylated by endogenous enzymes in the lysate. The reaction is then quenched by the addition of deacetylase inhibitors and applied to a self-assembled monolayer having maleimide groups at a density of 25% against a background of tri(ethylene glycol) groups. The peptide substrate undergoes immobilization, in both its acetylated and deacetylated forms, to the monolayer by reaction of the terminal cysteine residue with the maleimide group. The tri(ethylene glycol) groups are effective at preventing nonspecific adsorption of proteins and other lysate components to the monolayer. The monolayer can then be analyzed by matrix-assisted laser desorption-ionization (MALDI) mass spectrometry to identify the masses of the peptide−alkanethiolate conjugates and to quantitate the fraction of the peptide that has been deacetylated by endogenous enzymes in the lysate (Figure 1 ). In the present paper, we demonstrate the use of arrays comprising hundreds of peptide substrates to directly profile deacetylase activities in the CHRF megakaryocytic (Mk) cell line, and we show that terminal Mk differentiation of the CHRF cells leads to a profound decrease in sirtuin activities.
■ EXPERIMENTAL SECTION
Reagents. All reagents were obtained from Sigma-Aldrich, except as indicated below. EX-527 was obtained from Cayman Chemical. Trichostatin A (TSA) was obtained from Santa Cruz. Phorbol-12-myristate-13-acetate (PMA) was obtained from Calbiochem.
Preparation of Cell Lysate. Cell lysates were prepared on the basis of a protocol adapted from previous reports.
2d,5 Cells were washed once with phosphate-buffered saline (PBS), and the cell pellet was frozen at −80°C. The remaining steps were performed on ice or at 4°C. The cell pellet was resuspended in Buffer E (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH 7.9), 5 mM potassium acetate, 0.5 mM MgCl 2 , 0.5 mM dithiothreitol (DTT), 0.1 mM phenylmethylsulfonyl fluoride (PMSF)) and incubated on ice for 10 min. A Dounce homogenizer with loose pestle was used to disrupt cells with 25 strokes. The extract was then spun at 1500g for 3 min to pellet the nuclei (and cell debris). Nuclei were resuspended in Buffer N (Buffer E + 0.6 M NaCl) and incubated for 90 min with gentle shaking. The cytosolic and nuclear extracts were spun at 14 000g for 20 min, and the supernatant extracts were combined to achieve a whole cell extract. This whole cell lysate was dialyzed against Buffer D (20 mM HEPES (pH 7.9), 20% glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP), 0.1 mM PMSF) and then stored at −80°C. Protein concentration was measured using the BCA protein assay (Thermo Scientific/ Pierce).
Deacetylase Activity Assay in Lysates. Cell extracts were diluted in KDAC buffer (25 mM Tris (pH 8.0), 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl 2 ) to a final protein concentration of 1 mg/mL. For total deacetylase activity measurement, no inhibitors were added; for measuring sirtuin activity, TSA was added to diluted cell extracts to give a final concentration of 50 μM; for KDAC 1-11 activity, nicotinamide (NIC) was added at a final concentration of 50 mM. Next, 5 μL of the resulting mixtures was distributed into separate wells of a 384-well plate. A protease inhibitor cocktail (1 μL, Roche) and NAD + (1 μL, 1 mM final) were added to each reaction well. To initiate the reaction, 1 μL of the acetylated peptide substrates was added at a final concentration of 10 μM. The reaction plate was incubated at 37°C for 1 h and quenched with the deacetylase inhibitors Trichostatin A (TSA, 50 μM) and nicotinamide (NIC, 50 mM).
Mass Spectrometry. Small volumes of each reaction (2 μL) were transferred onto an array plate having 384 gold islands modified with a maleimide-presenting monolayer to allow immobilization of the peptide substrate and product. The monolayers were then rinsed with deionized ultrafiltered (DIUF) water and ethanol, dried under nitrogen, and treated with matrix (2,4,6-trihydroxyacetophenone, 20 mg/mL in acetone). The monolayers were analyzed by MALDI-TOF MS to obtain a mass spectrum for each spot. Mass analysis was performed using a 4800 MALDI-TOF/TOF mass spectrometer (Applied Biosystems). A 355 nm Nd:YAG laser was used as a desorption/ionization source, and all spectra were acquired with 20 kV accelerating voltage using positive reflector mode. The extraction delay was 450 ns; 3000 laser shots were applied, and the entire surface of the gold spot was sampled. Activities were calculated from each spectrum as previously described.
2d
Solid Phase Peptide Synthesis. Lanterns (Mimotopes) were placed in each well of a 96-well filter plate with filters plugged. The N-terminal fluorenylmethyloxycarbonyl (FMOC) was deprotected with 20% piperidine in N,N-dimethylformamide (DMF) for 10 min; the solvent was then filtered with a vacuum manifold. The lanterns were then washed 5 times with DMF. A solution containing 15 equivalents of amino acid, hydroxybenzotriazole (HOBt), and diisopropylcarbodiimide (DIC) was prepared, applied to each well, and incubated at RT for 2 h. The solutions were then filtered; the lanterns were washed 5 times with DMF, and then, the process was repeated. After the last step of coupling, a cleavage cocktail was applied to the lanterns containing 95% trifluoroacetic acid (TFA), 2.5% H 2 O, and 2.5% triethylsilane (TES), and the lanterns were incubated at RT for 2 h. The solutions were then evaporated by flowing nitrogen over the plate for 16 h. The residues were taken up in water, transferred to a 96-well plate, and lyophilized overnight. The remaining solids were then suspended in DIUF water with 0.1% TFA and stored in a 384-well plate at −20°C.
Cell Culture. The CHRF-288-11 cells were cultured in Iscove's Modified Dulbecco's Medium (IMDM) plus 10% fetal bovine serum (FBS) in a humidified chamber at 37°C, 5% CO 2 . On day 0, the basal cells were seeded at 100 000/mL in tissue culture flasks and stimulated with 10 ng/mL PMA (Calbiochem). At the time points indicated, trypsin-EDTA was used to collect the adherent cells for analysis.
Flow Cytometry. For ploidy analysis, cells were washed, fixed in 0.5% paraformaldehyde for 15 min at room temperature, permeabilized with 70% cold methanol, and treated with RNase for 30 min at 37°C, and DNA was stained with propidium iodide. Samples were acquired on an LSRII flow cytometer with FACSDiva software (BD Biosciences).
Western Blots. Cell lysates from the array experiments were used for the Western blots. Protein was denatured, separated by Mini-PROTEAN TGX Precast Gels (BioRad), and transferred onto nitrocellulose membranes (BioRad). The membranes were blocked with 5% nonfat dry milk or 5% bovine serum albumin (BSA) in Tris-buffered saline +0.1% Tween 20 (TBST) buffer for 1 h. Membranes were incubated with primary antibody in TBST + 5% milk or BSA with gentle shaking for 2 h at room temperature or overnight at 4°C. Membranes were washed and incubated with horseradish peroxidase (HRP)-conjugated antimouse or antirabbit-IgG antibody (Cell Signaling). Protein was detected using Chemiluminescent HRP Substrate (Millipore) and film exposure. Membranes were washed in TBST and stripped (62.5 mM Tris-HCl (pH 6.7), 2% sodium dodecyl sulfate (SDS), 100 mM beta-mercaptoethanol) for 30 min at 50°C. Membranes were washed with TBST, and then, the entire procedure was repeated for detection of beta-actin. Densitometry was done using ImageJ software. 6 The SIRT1 (#32424) and beta-actin (#8226) antibodies were obtained from Abcam; SIRT2 (#04−1124) and SIRT5 (#ABE198) from Millipore; SIRT3 (#5490) and SIRT6 (#2590) from Cell Signaling; SIRT7 (sc-135055) from Santa Cruz.
■ RESULTS KDAC Activity in CHRF Cell Cultures. We measured deacetylase activities in lysates prepared from the CHRF-288-11 megakaryocytic cell line. Basal CHRF cells exhibit an immature Mk phenotype but respond to the phorbol ester PMA (phorbol-12-myristate-13-acetate) by displaying phenotypic and morphological changes characteristic of Mk maturation. 7 The cells undergo endomitosis (DNA replication without cytokinesis) resulting in increased ploidy and, as part of terminal maturation, the cells extend cytoplasmic protrusions known as proplatelets (Figure 2 ).
We first used eight peptides, which were identified as substrates for human deacetylases in earlier work 2d, 8 and are listed in Table S1 , Supporting Information, to measure deacetylase activities in lysates of unstimulated CHRF cells. The cell lysate was distributed in the wells of a 384-well microtiter plate with 1 mM NAD + ( Figure S1 , Supporting Information) in KDAC buffer, followed by the addition of a peptide substrate to each well at 10 μM. The reactions were allowed to proceed for 60 min and then quenched with the deacetylase inhibitors trichostatin A (TSA, 50 μM) and nicotinamide (NIC, 50 mM) ( Figure S2 , Supporting Information) and transferred to an array plate having 384 gold islands using a Tecan EVO liquid handler. The islands were modified with a monolayer presenting maleimide groups against a background of tri(ethylene glycol) groups and therefore allowed immobilization of the cysteine-terminated peptides. We confirmed that the peptides, in both the acetylated and deacetylated forms, underwent immobilization at a comparable rate. After 60 min, the array plates were rinsed with deionized ultrafiltered water, followed by ethanol, and then treated with matrix (2,4,6-trihydroxyacetophenone, 20 mg/mL in acetone) and analyzed by SAMDI mass spectrometry. Yields for deacetylation of each peptide were determined by taking the ratio of the peak area for the deacetylated peptide to the sum of the peak areas for the substrate and product peptides (Figure 3, blue bars) . The peptides undergo deacetylation to different extents, reflecting their different activities toward the endogenous deacetylases. For example, the DKH peptide shows 5% deacetylation, and the RKYW peptide shows 44% deacetylation. We also used pan-specific inhibitors to partially resolve the deacetylase activities. Supplementing the lysates with TSA, for example, inhibits KDACs 1-11 9 and therefore can reveal the fraction of deacetylase activity attributed to the sirtuins ( Figure S3A, Supporting Information) . Similarly, treatment of the lysates with NIC inhibits the sirtuins 10 and therefore reveals the activities derived from KDACs 1-11 ( Figure S3B , Supporting Information). The two activities in these inhibited lysates generally sum to give the activity observed in the untreated lysate. For example, the RKHY peptide undergoes 31% deacetylation in untreated lysate, but reacts at 27% in TSA-treated lysate and 4% in NICtreated lysate (Figure 3) .
We also treated CHRF cells with PMA to induce differentiation, and we prepared and tested lysates isolated after three (Figure 3 red bars) and seven days (Figure 3 yellow bars) in culture. Several peptides reveal that the deacetylase activities decreased as differentiation proceeded. For example, the extent of deacetylation for the RKRV, YKL, RKFP, RKYW, and RKHY peptides decreased by 2-or more fold over one week in culture. Further, characterization of lysates treated with inhibitor showed that these changes resulted primarily from a decrease in sirtuin activity and not the activities of KDACs 1-11. That is, TSA-treated lysates showed a decrease in deacetylation over the course of differentiation whereas NICtreated lysates showed less significant changes.
Protease Interference. When first performing these experiments, we found that several of the spectra did not give the expected peaks for the acetylated and deacetylated forms of the peptide. Rather, we observed peaks corresponding to truncated forms of the peptide, and we recognized that endogenous proteases were digesting the substrates. For example, the expected peak in the mass spectrum for the GRK Ac RVC peptide was almost absent relative to new peaks associated with cleavage of the peptide at the valine and arginine residues. We evaluated common protease inhibitor cocktails to control this unwanted reaction and found that addition of the Roche EDTA-free protease inhibitor cocktail blocked much of the proteolysis without affecting deacetylase activity (Figures 4 and S4, Supporting Information) . With many label-dependent assays, only the products of the biochemical reactions are observed and a lack of product is interpreted as a lack of activity in the sample. The use of SAMDI, however, reveals the composition of the monolayer in each assay spot and, in this case, immediately revealed that proteases were cleaving peptide fragments from the substrate so that they were not available for recording deacetylase activities.
Peptide Arrays. Our initial experiments with CHRF cell lysates showed that the SAMDI assay could measure deacetylase activities in cell lysates and that these activities could be resolved into the two subclasses. However, the use of eight peptides, while providing greater resolution than the existing assays based on fluorogenic reagents, was insufficient to provide activity profiles that might be used to identify roles for protein acetylation in regulating cellular programs. Hence, we moved to arrays containing 361 peptides to assay the lysates. The peptides had the sequence Ac-GRK Ac XZC-NH 2 , where Experiments were also performed with lysates supplemented with TSA to observe SIRT activity and with NIC to observe KDAC 1-11 activity. Each experiment was performed in four replicates, and error bars represent the standard deviation. Figure 4 . SAMDI revealed that the peptides were degraded by proteases in the lysate. A SAMDI spectrum of a monolayer to which the peptide GRK Ac RVC was immobilized after treatment with lysate revealed several peaks (in blue) attributed to proteolysis (top spectrum). The use of a protease inhibitor cocktail in the assay blocked this degradation and allowed observation of the peptide in its acetylated (black) and deacetylated form (red, bottom spectrum). The SAMDI spectrum reveals peaks for alkanethiolates and for the corresponding dialkyl disulfide forms of the molecule (R   1   SSR 2 ). The major products observed when protease activity was present corresponded to products resulting from proteolytic cleavages at the C-terminus of arginine and at the C-terminus of valine ( Figure S4 , Supporting Information). individual peptides had unique combinations of nineteen amino acids (all except cysteine) at the X and Z positions. We again distributed cofactors, buffer, and lysates prepared from CHRF cells in the wells of a 384-well microtiter plate. Individual peptides were added to the lysates, and the reactions were allowed to proceed for 60 min and then were quenched with deacetylase inhibitors and robotically transferred to an array plate that had 384 gold islands each having a monolayer as described above. The plates were incubated for 60 min to allow immobilization of the peptides and were then analyzed by SAMDI mass spectrometry. Representative SAMDI spectra are shown in Figure S5 , Supporting Information. Peak areas were integrated to determine the percent conversion of each peptide to its deacetylated form, and these conversions were plotted in the form of a heat map to give a deacetylase activity profile for each lysate ( Figure 5 and Data Set S1).
Analytical Chemistry
We analyzed lysates prepared from untreated cells and from cells 6 days after treatment with PMA. We also analyzed lysates that were treated with either TSA or NIC. The array data are presented in the form of a heatmap that uses a grayscale to indicate the extent of deacetylation observed for each peptide. The heatmap for the unstimulated (day 0) lysate shows that the peptides spanned a range of activities, with 85 of them showing more than 30% deacetylation, 219 showing from 5% to 30% deacetylation, and 57 showing little or no deacetylation. Further, the heatmaps for the TSA-and NIC-treated lysates prepared from unstimulated cells (day 0) show that the majority of the deacetylase activities can be ascribed to the sirtuins; that is, the activities are inhibited by NIC but not TSA. We also found that lysates prepared from cells 6 days following PMA treatment (day 6) were characterized by a marked loss of deacetylase activities and that this loss was largely due to a decrease in sirtuin activities. For example, the heatmaps for the TSA-treated lysates show less activity at day 6 relative to day 0, whereas the heatmaps for the NIC-treated lysates are largely Figure 5 . Heatmaps showing the extent of deacetylation of each peptide after treatment with lysate. A library of 361 peptides of the sequence Ac-GRK Ac XZC-NH 2 , where individual peptides had unique combinations of nineteen amino acids (all except cysteine) at the X and Z positions, was treated with lysate, immobilized, and analyzed by SAMDI to determine the extent of deacetylation, which is shown in gray scale. Lysates were probed before (day 0) and 6 days after treatment with PMA. The lysates were also tested after supplementation with TSA or NIC to observe SIRT or KDAC 1-11 activities, respectively. The bottom row has difference heatmaps which were determined by subtracting the conversion for day 6 from that at day 0 to reveal changes in the patterns of activity. similar. This result is consistent with our findings using the small panel of 8 peptides (Figure 3) .
To gain additional insight into which sirtuins were responsible for the decrease in deacetylase activity, we analyzed the lysates by Western blotting for each of the six enzymes ( Figure 6A ). These blots show that SIRTs 1 and 2 are present at lower levels, while SIRT3 is present at a higher level, in the differentiated cells. The small molecule EX-527 has been reported as a selective inhibitor for SIRT1 and to a lesser extent of SIRT2, 11 and we therefore used this inhibitor to address whether the loss in sirtuin function evident in the heatmaps at days 0 and 6 could be explained by a decrease in the activities of these two enzymes. We added EX-527 at a concentration of 2.8 μM to the TSA-treated lysate from day 0 and analyzed this lysate on the peptide array ( Figure 6B ). The heatmap for the latter condition, where SIRT1 is largely inhibited, SIRT2 is partially inhibited, and SIRT3 is essentially uninhibited, was very similar to the heatmap observed for TSA-treated lysates at day 6 (cosine similarity is 0.83). That is, the difference in sirtuin activities at days 0 and 6 was consistent with loss of SIRT1 and SIRT2 activity. Again, these experiments reveal how peptide arrays, in combination with selective inhibitors, can be used to profile enzyme activities in lysates and to identify those enzymes that are modulating the activity profiles.
■ DISCUSSION
This work demonstrates that the combination of peptide arrays prepared on self-assembled monolayers of alkanethiolates on gold and MALDI mass spectrometry is effective at measuring endogenous enzyme activities in complex cell lysates. There have been several important reports of methods for the global profiling of biochemical activities.
2a−c,12 Most significant is the SPOT technology that prepares peptide arrays on nitrocellulose paper.
2a−c These arrays have been valuable in profiling enzyme specificity in biochemical experiments but are less effective in analyzing complex samples, in part because of protein adsorption to the array and because they are not compatible with many analytical methods, including surface plasmon resonance spectroscopy and mass spectrometry. The monolayers address these limitations by offering a well-defined surface chemistry that controls unwanted protein adsorption, maintains a uniform density of ligand across the array, and is compatible with a broad range of immobilization chemistries. The use of monolayers is also uniquely suited for analysis by mass spectrometry, and previous work has shown that the SAMDI method is quantitative and has good reproducibility across the array plate.
13
Our work used a collection of small peptides to measure deacetylase activities, even though the peptides are not mimics of cellular substrates for these enzymes. However, what is important is that the peptides display a range of activities toward the deacetylases and that they can resolve the activities of members of the enzyme family. The peptides are diverse in the functional groups proximal to the acetylated lysine residue and therefore have different affinities for the enzyme active sites. It is these differences that allow the peptides to have differential activities toward the individual enzymes. The resulting pattern of activities that is observed on the array provides a fingerprint characteristic of the set of enzymes that are active in the lysate, and for this reason, the arrays can be used to monitor differences in enzyme activities between two cell cultures. In this sense, the arrays are primarily suited to profile lysates for global deacetylation activity, rather than to identify the specific enzymes that are present in the sample.
This work also provides the first example of using peptide arrays to profile endogenous deacetylase activity in cellular lysates. While the Fluor de Lys fluorogenic reagents can be used to monitor deacetylase activities in lysates, 14 the limited number of available reagents makes it difficult to obtain profiles of deacetylase activity. Sirtuins have also been assayed by monitoring the consumption of NAD + or accumulation of the NIC byproduct. 15 These methods work well with recombinant protein systems, but in cell lysates, there are many other enzymes that can change the NAD + levels, including the ADP-ribosyltransferases, CD38, and PARP families. Finally, the Cravatt group has used activity-based probes to identify deacetylases in lysates obtained from several cancer cell lines, 12a,b and the Drewes group has used a chemoproteomic strategy along with KDAC inhibitors for discovering inhibitor−protein binding interactions.
12d These mass spectrometry-based approaches are powerful for identifying deacetylases and their binding partners in complex lysates, but substantial experimental effort is required to process and analyze samples. The method we present here brings a highthroughput approach for directly monitoring deacetylase activity and does not rely on extraneous enzymatic reagents for detection. Using our peptide arrays, we found that PMA-induced Mk differentiation of CHRF cells is marked by a profound decrease in SIRT activity, while the activity of KDACs 1-11 remains fairly constant. Decreased SIRT deacetylase activity was observed for 324 of 361 substrates, and for these, the average decrease in activity was ∼70% (68 ± 23%). We used Western blots to find that SIRTs 1, 2, and 7 protein levels were decreased on day 6 after PMA treatment ( Figure 6A) , consistent with the decreased SIRT activity. A prominent role for SIRTs 1 and 2 is also consistent with results using the SIRT1/2 inhibitor, EX-527, on lysates obtained from cells prior to PMA-induced differentiation. SIRT5 and SIRT6 levels remained constant after PMA treatment, while interestingly SIRT3 levels increased dramatically. It is well established that protein expression often does not correlate well with enzyme activity. Furthermore, others have demonstrated that posttranslational modifications to the SIRTs, as well as their regulatory binding partners, can alter their activity. 16 The pathways and mechanisms that regulate Mk polyploidization and proplatelet formation (PPF) remain active areas of research. We previously reported that NIC greatly increases the ploidy and PPF of Mk cells derived from CD34
+ hematopoietic stem and progenitor cells (HSPCs) in culture. 17 This has been confirmed by the Pineault group 18 and others. 19 Consistent with these results, our current findings suggest that PMAinduced Mk differentiation of CHRF cells may be partially mediated by decreased activity of sirtuins, especially SIRT1 and SIRT2. SIRTs and other KDACs have also been implicated in regulating the expansion and differentiation of HSPCs, 20 as well as in many other cell lineages.
■ CONCLUSION
This work introduces the use of peptide arrays and SAMDI mass spectrometry to profile enzyme activities in cell lysates. The present work has identified the loss in activity of SIRT1 and SIRT2 during terminal differentiation of the CHRF Mk cell line and illustrates the use of inhibitors to dissect the activity profiles to understand the enzymes that are involved in a change in activities. The use of a label-free analytical method makes this technique readily applicable to a broad range of enzyme activities and provides a new opportunity for identifying changes in global activity profiles that characterize the states of cells. 
